Abstract. A West Nile virus (WNV) isolate from Mexico (TM171-03) and BIRD1153, a unique genotype from Texas, have exhibited reduced murine neuroinvasive phenotypes. To determine if murine neuroinvasive capacity equates to avian virulence potential, American crow ( Corvus brachyrhynchos ) and house sparrows ( Passer domesticus ) were experimentally inoculated with representative murine neuroinvasive/non-neuroinvasive strains. In both avian species, a plaque variant from Mexico that was E-glycosylation competent produced higher viremias than an E-glycosylation-incompetent variant, indicating the potential importance of E-glycosylation for avian replication. The murine non-neuroinvasive BIRD1153 strain was significantly attenuated in American crows but not house sparrows when compared with the murine neuroinvasive Texas strain. Despite the loss of murine neuroinvasive properties of nonglycosylated variants from Mexico, our data indicate avian replication potential of these strains and that unique WNV virulence characteristics exist between murine and avian models. The implications of reduced avian replication of variants from Mexico for restricted WNV transmission in Latin America is discussed.
INTRODUCTION
West Nile virus (WNV), which was introduced into North America in 1999, 1 is a member of the family Flaviviridae and the genus Flavivirus . 2 Before the identification of mortality in commercial geese and migratory storks in Israel, 3 WNV had not been associated with mortality in avian species. Subsequent WNV outbreaks in New York City in 1999 4 and elsewhere in North America have been characterized by extensive avian death, with corvids such as the American crow ( Corvus brachyrhynchos ) being the most susceptible. 5 Studies using experimentally infected birds have identified that the strain introduced into North America in 1999 exhibited an increased avian virulence phenotype for American crows 6 compared with WNV strains from Australia and Kenya. 7 This difference in virulence was associated with a single mutation within the viral helicase protein identified to be under positive selection, 8 indicating that high replication rates of WNV could be evolutionarily beneficial in certain avian species. Additional studies have also indicated enhanced viremia and virulence in house sparrows ( Passer domesticus ) inoculated with a North American WNV strain compared with a Kunjin virus from Australia. 9 Despite the wide-scale association of WNV transmission in the United States and Canada with avian virulence, few bird deaths have been reported in Mexico. 10, 11 Because many viral isolations of WNV come from dead bird specimens in the United States and Canada, this lack of avian mortality in Mexico could help to explain the lack of viral isolates from this region. This fact, coupled with the isolation of a WNV strain from Mexico with reduced murine neuroinvasive properties, 12 also could indicate that strains circulating in Mexico have reduced virulence properties within avian hosts. This isolate from Mexico appears to be representative of an intermediary clade between the genotype introduced to North America (East Coast genotype) and the genotype (WN02) that has subsequently predominated in North America since 2002. 13 Glycosylation status of the virion envelope glycoprotein (E) of WNV strains has been associated with decreased neuroinvasive properties in the mouse model, [14] [15] [16] reduced replication in tissue culture 17 and reduced replication in chicks ( Gallus domesticus ). 18 Altered virion stability at low pH 14 and intracellular maturation 17 of nonglycosylated viral particles have been associated with decreased circulating viremias and a subsequent reduced neuroinvasive phenotype in a murine model. 19 The first WNV isolate from Mexico, TM171-03, was identified to contain a mixture of large and small plaque phenotype viruses, 12 where the small plaque variants were identified to be defective in E protein glycosylation and were not neuroinvasive in a murine model after intraperitoneal inoculation. 12 A unique WN02 genotype from southeastern Texas identified in 2003, BIRD1153, also has been associated with reduced neuroinvasiveness in murine hosts, temperature sensitivity, and a small plaque phenotype. 20 This genotype has not been subsequently isolated in nature after it was initially identified in 2003. In this study, the avian virulence of representative 2003 mouse neuroinvasive (BIRD1461, TM171-03-pp5 and NY99; WN02, intermediary and East Coast genotypes, respectively) and non-neuroinvasive (TM171-03-pp1 and BIRD1153; intermediary and unique 2003 Texas genotypes, respectively) strains of WNV from Texas and Mexico were characterized. The concordance of murine 12, 15, 20 and avian virulence and the potential for natural murine attenuated WNV strains to circulate within avian hosts are discussed. assays (PRNTs) with WNV or SLEV as described. 6 A 90% reduction in plaque-forming units (PFU) (PRNT 90 ), compared with the serum-negative control, was used as the determinant of neutralization. Detection of any neutralizing activity (titers ≥ 1:10) in serum of any bird to either SLEV or WNV precluded use for experimental inoculation.
Virus inoculation. Viral stocks were diluted to 1,500 PFU/ 0.1 mL in minimal essential media (MEM) containing 20% fetal bovine serum. One hundred microliters of diluted stocks were inoculated subcutaneously on the breast region of eight American crows or six house sparrows in four infection groups and one group of five house sparrows with the NY99 virus. American crows and house sparrows were inoculated with WNV strains/variants BIRD1461, BIRD1153, TM171-03-pp5, or TM171-03-pp1 ( Table 1 ) . Serum collected on 5 days postinoculation (dpi) from one American crow (123) inoculated with the BIRD1153 virus in which an increased viremia of 9.9 log 10 PFU/mL had developed (see Results) was diluted to 1,500 PFU/0.1 mL and used to inoculate an additional six American crows. All American crows and house sparrows were examined for signs of disease twice a day for 14 dpi, and bled once a day through 6 or 8 dpi to measure viremia for house sparrows and American crows, respectively. Blood samples from American crows and house sparrows were collected from the jugular or brachial vein by using a 27-or 28-gauge needle; 0.2 mL or 0.1 mL of blood was added to 0.9 mL or 0.45 mL of MEM supplemented with 20% fetal bovine serum to obtain approximately a 10 −1 serum dilution for American crows and house sparrows, respectively. Coagulation was allowed to take place at room temperature for 30 minutes, after which samples were centrifuged at 3,500 × g for 10 minutes to pellet clotted cells. Supernatants from these samples were frozen at -80°C until samples were titrated for infectious virus.
Assaying for infectious virus/plaque size evaluation. Daily blood samples were assayed by plaque formation in monolayers of Vero cells. In addition, inocula for all viruses were back-titrated by plaque assay to confirm the uniformity of the doses administered. Briefly, serial 10-fold dilutions of serum were inoculated in Vero cells that were overlaid as described. 6 Infectivity was enumerated at 72 hours and multiplied by the dilution factor to determine viral titers per milliliter of serum. An initial 1:10 dilution of serum and use of 200 μL of the lowest dilution resulted in a limit of viral PFU detection of 1.7 log 10 PFU/mL of serum. At 72 hours, monolayer cultures were fixed with a 20% methanol, 0.5% crystal violet solution, and plaque size was grouped as large (> 2.5 mm), intermediate (2.5-1.5 mm), and small (< 1.5 mm) diameter size groups.
Sequence analyses of inoculum strains and viruses after passage in American crows. To assess the potential for genetic reversion to a glycosylation-competent motif, the E156-159 nucleotide region was sequenced for the nonglycosylated TM171-03-pp1 virus after isolation at 4 dpi from serum of American crows. Viral RNA was extracted from 4 dpi serum of individual American crows. Additionally, RNA from virus isolated from the brains of American crows that died following infection with the TM171-03-pp1 variant virus was similarly processed. Reverse transcription was performed by using the primer WNc2506 (5′-GCTCTTGCCGGCTGATGTCTATG-3′). Generation of an amplicon encoding the N-linked glycosylation sequence from the resulting cDNA was performed by using primers WN1346 (5′-TGCCTGCTCTACCAAGGCAATAGG-3′) and WNc1797 (5′-ATGACCCGACGTCAACTTGACAGT-3′). Primer WN1346 (5′-TGCCTGCTCTACCAAGGCAATA GG-3′) was used to sequence the glycosylation site, and primers WNc1797, WN898 (5′-GGCAGCCGTCATTGGTT GGATGC-3′), WN7574 (5′-CAACAACTGCCATCGGACT C-3′), WNc10,116 (5′-TCGCACCACCAGCCACCATTGTC G-3′), WNc10,993 (5′-CTCGCACCACCAGCCACCATTGTC G-3′), and WN10,552 (5′-ACCGGAAGTTGAGTAGAC GGTGCTG-3′) were used to sequence the genetic differences between the BIRD1153 and NY99 strains from two American crows that died following infection with this viral strain. Sequencing of the complete genomes of the unpassaged TM171-03-pp1 and pp5 plaque variants were performed as described.
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Determination of cross-protection. Blood (0.6 mL) was drawn at 14 dpi from American crows to determine titers by using a two-way beta PRNT. Briefly, two-fold dilutions of bird serum samples were incubated at 56°C for 30 minutes and mixed with 100 PFU of NY99 (strain 382-99) virus as described. 6 Plaques were counted and neutralization was reported as a 90% reduction in plaque formation compared with the serum-negative control. Crows that survived through 14 dpi were subsequently challenged with 1,500 PFU of strain 382-99. Challenged crows were bled daily through 7 dpi. Serum samples from the seven daily bleedings were diluted 1:10 in MEM diluent, centrifuged, and stored at -80°C. Samples were thawed and titrated in Vero cells as described above.
Statistical analyses. Analyses of variance was used to compare mean peak viremia, duration of viremia, day of viremia onset, and day of death among viruses for experimentally infected American crows. Means were compared between viral strains/variants by using Tukey's honestly significant difference adjustment for multiple comparisons. Clinical outcome (survival versus death) comparisons of viremia magnitudes were made by using the Student t -test with Welch's modification for unequal variances. Similarly, Student t -tests were used to compare BIRD1153 initial versus re-infection daily viremia magnitudes and peak viremias for American crows inoculated with the BIRD1153 strain. Mortality and morbidity proportions were compared by using Fisher's exact test. Viremias of house sparrows were compared among viruses by using two-way analysis of variance, blocked by dpi. Because of the relatively low sample sizes (n = 6 or 8) in this study, a threshold for significance of α = 0.10 was applied to increase the power of our statistical tests.
RESULTS
None of the pre-infection serum from American crows showed the presence of flaviviral-reactive antibody by PRNT 90 , whereas 20% of house sparrows had neutralizing antibody to WNV and were excluded. This seroprevalence was consistent with previous findings in California.
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Mortality rates for American crows. Mortality rates ranged from 100% (BIRD1461) to 25% (BIRD1153) for the Texas WNV strains. The WNV variants TM171-03-pp5 and TM171-03-pp1 from Mexico had mortality rates of 63% and 50%, respectively ( Table 2 and Figure 1A ). When compared by Fisher's exact test, a significantly higher proportion of American crows inoculated with the BIRD1461 strain died because of infection than with the BIRD1153 and gly(−) variant from Mexico ( P < 0.007 and P < 0.08, respectively), but not the gly(+) variant from Mexico ( P = 0.2). The E gly(−) variant from Mexico was significantly slower in eliciting a mortality response than the BIRD1461, BIRD1153, NY99 virus, and the gly(+) variant from Mexico ( P < 0.05). The nonglycosylated variant from Mexico induced a significantly reduced mortality rate ( P = 0.077) than the BIRD1461 strain. The mortality rate of the glycosylated variant from Mexico did not differ significantly ( P = 0.2) from that of the highly virulent Texas strain (BIRD1461) ( Table 2 and Figure 1A ).
Viremia profiles for American crows. The mean ± SD peak viremia for American crows infected with the BIRD1461 WNV strain from Texas was 10.0 ± 0.4 log 10 PFU/mL of serum and occurred on 4.4 ± 0.5 dpi ( Table 2 and Figure 1B ). Viremia peak, onset, and day of peak viremia were not distinguishable between the BIRD1461 and NY99 6 viruses ( P > 0.55). Onset of viremia was detected in all crows inoculated with the BIRD1461 strain at 24 hours post-infection. In contrast, the poorly murine neuroinvasive strain BIRD1153 produced a mean peak viremia in American crows of only 6.3 ± 1.7 log 10 PFU/mL of serum that occurred on 4.1 ± 0.7 dpi ( Table 2 and Figure 1B ). Magnitude of viremia in crows was significantly different ( P < 0.01) between the murine neuroinvasive and non-neuroinvasive strains on dpi 2-4. The approximate 5,000-fold difference in peak viremia was statistically significant ( P < 0.0001), but the timing of the peak viremia was not significant ( P > 0.6).
Mean viremia was significantly higher and day of onset of viremia was significantly earlier for the TM171-03-pp5 E gly(+) strain than the TM171-03-pp1 E gly(−) variant. However, the day of peak viremias for the TM171-03-pp1 and TM171-03-pp5 variants was indistinguishable and occurred on 4.4 ± 0.7 dpi and 4.2 ± 0.4 dpi, respectively ( Table 2 and Figure 1B ).
The nonglycosylated, TM171-03-pp1 WNV variant from Mexico produced a significantly lower mean peak viremia (4.4 ± 1.3 log 10 PFU/mL of serum) than the Texas murine neuroinvasive strain BIRD1461 (10.0 ± 0.4 log 10 PFU/mL of serum) ( P < 0.0001) and the Texas BIRD1153 strain on 2 dpi ( P = 0.1) and 3 dpi ( P < 0.07). However, when compared with the nonglycosylated variant, the glycosylation competent [E gly(+); TM171-03-pp5] variant from Mexico had a significantly higher ( P = 0.000002) mean peak viremia of 6.9 ± 3.4 log 10 PFU/mL of serum ( Table 2 and Figure 1B ) that was indistinguishable ( P > 0.36) from that of the BIRD1461 strain.
Survival partitioning in American crows. Considerable variability of viremia response was identified within the BIRD1153 and TM171-03-pp5 E gly(+) American crow Table 2  Viremia and mortality profile ¶ Data from Kinney and others. 7 Figure 1 . A , Percentage survivorship of eight American crows exposed to 1,500 plaque-forming units (PFU) of representative West Nile viruses (WNVs). American crows were checked twice a day for signs of disease. B , Mean (±SD) viremia response of eight American crows exposed to 1,500 PFU of representative WNVs. Viremias were determined by plaque assay on Vero cells with a detection limit of 1.7 log 10 PFU/mL of serum. Only positive error bars and offset data points are presented for clarity.
infection groups. When viremia data were analyzed on the basis of partitioning of clinical outcome of infection ( Figure 2 ), significant differences were identified between crows that survived or died because of infection for the TM171-03-pp5 ( Figure 2A ) and BIRD1153 viruses ( Figure 2C ) . A mean peak viremia of 8.4 ± 1.0 log 10 PFU/mL was identified for American crows that died because of infection (euthanized) with the BIRD1153 strain, whereas the surviving crows had mean peak viremia titers of only 5.5 ± 0.3 log 10 PFU/mL of serum. When daily viremias were compared, only 5 dpi values were significantly different between survivors (4.3 log 10 PFU/mL of serum) and decedents (8.5 log 10 PFU/mL of serum) ( P = 0.077) ( Figure 2C ). Despite these marginally significant differences in the magnitude of viremia, statistical analyses failed to identity more days in which viremias were significantly different because of the small number of decedent American crows within this infection group (n = 2).
When viremia data for the TM171-03-pp5 infection group were assessed on the basis of outcome, mean peak viremias in the group of American crows that died because of infection were 1,500-fold higher than those for crows who survived infection, and mean daily viremia peak differences were up to 6 log 10 PFU/mL of serum higher for birds that died than for birds that survived on 4 dpi ( Figure 2A ). Daily viremia values on 1-6 dpi were significantly different between survivors and decedents for this gly(+) strain from Mexico ( P < 0.09). Birds that died because of infection in this group had an onset of viremia at 1 dpi and mean peak titers that reached 9.1 ± 0.3 log 10 PFU/mL of serum compared with a mean peak titer of 3.1 ± 2.4 log 10 PFU/mL for crows that survived. Variability within the peak daily viremia values of this group was considerable; two of the three American crows that survived infection with the TM171-03-pp5 variant did not have a viremia on any of the eight days sampled after infection (< 1.7 PFU/mL of serum). Interestingly, no significant differences in peak viremia, mean daily peak titers, or viremia onset were identified between the American crows that survived or died because of infection with the TM171-03-pp1 variant.
Inoculation of an additional six American crows with virus derived from an American crow (AMCR 123) in which an extremely high serum viremia (9.9 log 10 PFU/mL) had developed after infection with the BIRD1153 strain resulted in an approximately four-fold higher peak viremia (6.8 log 10 PFU/mL of serum versus 6.3 log 10 PFU/mL of serum) that occurred one day earlier (3 dpi versus 4 dpi for the mean of all American crows originally inoculated with the BIRD1153 strain) ( Figure 3 ). However, this mean peak viremia was not significantly different ( P = 0.5). Interestingly, the mean viremia value derived from six secondarily inoculated American crows was significantly lower ( P < 0.0007) (mean 6.6 ± 0.7 log 10 PFU/mL of serum, range = 6.1-8.4 log 10 PFU/mL) than the original American crow 123 that peaked at 9.9 log 10 PFU/mL of serum of the passaged virus ( Figure 3 ) . Comparison of the daily mean viremia titers of BIRD1153 American crow passage 1 with the non-passaged BIRD1153 single American crow viremia profile indicated significant differences on 3-5 dpi ( P < 0.003). In addition, significant differences in the daily viremia means of the BIRD1153-AMCR-P1 profile compared with the non-passaged BIRD1153 profile were identified on 2 dpi (4.6 log 10 PFU/mL of sera versus 3.6 log 10 PFU/mL of serum, P < 0.08) and on 3 dpi (6.6 log 10 PFU/mL of serum versus 5.3 log 10 PFU/mL of serum; P < 0.07) ( Figure 3 ) .
Sequencing of variants and American crow-passaged viruses. Full genome nucleotide sequencing of the parental TM171-03 isolate from Mexico identified four amino acid differences when compared with the NY99 strain at premembrane 141 (prM141) (Ile in NY99 to Thr in TM171-03), envelope 156 (E156) (Ser to Pro), NS4B-245 (Ile to Val) and NS5-898 (Thr to Ile). 12 Sequence analyses of the TM171-03-pp5 and TM171-03-pp1 variants confirmed the presence of these mutations in both variants, with the exception of the E156 being identified to be a Ser in -pp5 and Pro in -pp1. Additional polymorphisms were identified between the plaque variants at 5′ untranslated region (UTR) position 85 (G to A), NS5-224 (Arg to Gly), and 3′UTR position 10989 (A/G mixture to G) ( Table 3 ) . RNA was extracted from 4 dpi serum of American crow 123 in whom an increased viremia developed after inoculation of the BIRD1153 strain (peak viremia of 9.9 log 10 PFU/mL of serum) to determine if reversion had occurred at any of the potential residues that could be associated with attenuation ( Table 3 ; prM-156, E-159, NS4B-249, NS5-804, 3′UTR-10,596, 10,774, 10,799 and 10, 851). Sequencing across these regions failed to identify reversion to the NY99 residues or any genetic polymorphisms at these positions.
Serologic response/protection. Surviving American crows were bled at 14 dpi and serum samples were tested for neutralizing antibodies as measured by PRNT 90 using NY99 wild-type virus. A total of 13 American crows survived challenge with the BIRD1153 (6), TM171-03-pp5 (3), and TM171-03-pp1 (4) variants. With one exception, all serum samples at 14 dpi had at least a 1:40 PRNT 90 titer. The one American crow that did not have a PRNT 90 titer (< 1:10) had initially been exposed to TM171-03-pp5. However, a detectable viremia (> 1.7 log 10 PFU/mL sera) did not develop in this American crow at any time point assayed after initial infection. The PRNT 90 titers ranged from 1:40 to 1:1280. All 12 seropositive American crows were protected from challenge with a lethal dose of the NY99 strain and none had any detectable viremia (> 1.7 log 10 PFU/mL of serum) post-challenge. The one American crow (AMCR 137) in whom a 14 dpi PRNT 90 titer did not develop had typical clinical disease after challenge with NY99 wildtype virus, including a peak viremia of 8.6 log 10 PFU/mL of serum on 3 dpi ( Figure 3 ) and died because of the infection on 5 dpi. Interestingly, one of two American crows (AMCR 143) for which no detectable viremias were identified after initial infection with TM171-03-pp5 showed development of a PRNT 90 titer of 1:320 and survived challenge with NY99 wildtype virus.
Plaque size analyses. Small plaque size has been used as a potential marker for murine neuroinvasive attenuation of WNV isolates. 20 Mixed plaque morphologies were identified in plaque assays performed for daily viremia samples of American crows infected with the BIRD1153, TM171-03-pp5 and TM171-03-pp1 variants. Therefore, plaque sizes were monitored during the course of infection in American crows to assess any potential modulation in viral phenotype during infection with the BIRD1153, TM171-03-pp5, and TM171-03-pp1 variants that might be associated with clinical outcome of infection. The American crows that were inoculated with the non-neuroinvasive, temperature-sensitive, small plaque variant isolate (BIRD1153 from Texas), showed a 35% mean reduction in the percentage of small plaques in birds that died because of infection ( Figure 4A ). In contrast, American crows that survived BIRD1153 infection had no significant change in the proportion of viruses with the small plaque phenotype, whereas American crows that survived infection with the E gly(−) variant from Mexico (TM171-03-pp1) had an increase in small plaque percentage from approximately 50% on 2 dpi to greater than 90% on 5 dpi ( Figure 4B ). No statistically significant differences could be determined because of the 
considerable variability in plaque phenotypes of virus from American crows that died because of infection with this isolate. Finally, the one viremic American crow survived infection with the TM171-03-pp5 E gly(+) variant from Mexico showed a significantly higher percentage of small plaques on 2, 3, and 6 dpi than the five American crows that died because of infection with this variant ( Figure 4C ). Viremia response in house sparrows. Most house sparrows survived infection; only 1 of 6 and 1 of 5 birds succumbed on 5 dpi after inoculation with BIRD1461 and NY99 viruses, respectively. Overall, the amplitude and pattern of the viremia profiles varied significantly among WNV strains/variants (strains: F = 31.9, degrees of freedom = 4, 139, P < 0.0001; strain × time interaction: F = 6.1, degrees of freedom = 20, 139, P < 0.0001; Figure 5 ). When compared by using an a posteriori Tukey-Kramer test ( P > 0.05), the overall mean viremias associated with the various strains could be divided into three statistical group: viremia produced by NY99 was the highest of the groups (4.7 log 10 PFU/mL) and peaked on 3 dpi; group 2 comprised BIRD1461, BIRD1153, and TM171-03-pp5 and had broadly overlapping viremias with means of 3.5, 3.0, and 2.5 log 10 PFU/mL, respectively, peaking on 2 dpi; and the third and lowest was the viremia produced by the TM171-03-pp1 variant (mean = 1.9 log 10 PFU/mL) that was only detectable on 2 dpi. The NY99 strain produced the highest viremia with a peak titer of 7.2 log 10 PFU/mL of serum on 3 dpi. The Texas American crow virulent WNV strain BIRD1461 showed a faster onset of viremia than the NY99 strain and generated its peak titer one day earlier (2 dpi). However, peak titer for this virus was approximately 10-fold lower than for the NY99 strain. The peak viremia profiles of both of these viruses were significantly higher than both variants from Mexico but were indistinguishable from that of the BIRD1153 strain.
DISCUSSION
A major goal of this study was to determine on the basis of a set of representative WNV strains ( Table 1 ) whether virulence in two avian hosts was directly related to virulence in a mouse model of WNV neuroinvasive disease. In addition, we wished to determine whether the isolation of WNV strains in the Americas with reduced virulence in the mouse model indicated possible changes in the transmission dynamics of WNV that would explain apparent differences in the epi demiology of WNV in the Caribbean, Mexico and Central America compared with that in other areas of North America. Only positive error bars and offset data points are presented for clarity. Viremias were determined by plaque assay on Vero cells with a detection limit of 1.7 log 10 PFU/mL of serum.
Identification of the potential attenuating role of mutations in these recent WNV isolates compared with the NY99 North American prototype may provide information on selective criteria associated with the emergence of WNV avianattenuated phenotypes in tropical or subtropical ecosystems. The results presented indicate that avian and murine virulence and attenuated phenotypes most likely resulted from complex biological host interactions in disparate vertebrate systems.
Loss of glycosylation of the surface E glycoprotein of natural, laboratory-adapted 16, 22 and site-directed mutants 15 has been associated with decreased replication capacity and neuroinvasive properties in a mouse model. Glycosylation status has also been associated with cell type or species specificity for proper viral maturation and release of WNV lineage I and II viruses, 23 pH stability, particle assembly, virion maturation, and infectivity in tissue culture systems. 23, 24 Natural Kunjin viral isolates lacking E glycosylation have been shown to rapidly incorporate a glycosylation motif after serial passage in vertebrate cell culture. 24 Transmission electron microscopy has further indicated that the maturation of glycosylation-deficient WNV particles derived from the Sarafend WNV strain on intracellular membranes could explain reduced titers in culture systems. 17 These investigators further demonstrated that providing a glycosylated envelope gene in trans was sufficient to abrogate this defective phenotype. 17 Despite the aforementioned debilitation in viral replication and loss of murine neuroinvasiveness, nonglycosylated WNV isolates have been found repeatedly from the field. 12, 25, 26 With the exception of a previous study that demonstrated reduced virulence of a plaque-purified WNV lacking a functional glycosylation motif in chicks, 18 little is known regarding the role of glycosylation on the modulation of virulence of WNV in natural avian hosts for WNV. Viremia production (American crows/house sparrows) and survival time variation of American crows infected with the TM171-03-pp5 and TM171-03-pp1 variants that differ principally in their glycosylation status and in 5′UTR position 85 (G to A), NS5-224 (Arg to Gly) and 3′UTR position 10989 (A/G mixture to G) mutations indicate the potential for additional attenuating mutations in the genome of the variants from Mexico. Poor peripheral replication presumably reduced the efficiency for dose-dependent neuroinvasion, resulting in murine attenuation of the E-gly(−) variant. Variable peripheral replication in avian hosts appeared to modulate virulence phenotype. However, the results derived from the E gly(−) variant from Mexico indicated the potential for differential tissue tropism or virulence phenotypes of some WNV strains for avian hosts. In contrast to the murine model, in which increased viremia has been directly correlated with neurovirulence, there was a poor correlation between avian death and viremia with the variants from Mexico reported herein, which suggests that these viruses may have increased neurotropism.
Both of the TM171-03 variants and the BIRD1153 strain were significantly attenuated for virulence in the American crow model (as measured by differences in daily viremia at 1-5 dpi, mean peak viremia, viremia onset, mortality rate, and average survival times) compared with the NY99 North American prototype and the Texas BIRD1461 strain. The TM171-03-pp1 and -pp5 viruses both encoded amino acid differences compared with NY99 virus at residues prM-141, NS4B-245, and NS5-898 12 ( Table 3 ) , and it is likely that one or more of these residues plays a significant role in the reduced avian virulence of these variants. However, reductions in the magnitude and duration of viremia observed for TM171-03-pp1 compared with TM171-03-pp5 ( Figure 1 ) suggested that E glycosylation may have some modulating effect on the virulence phenotype and/or tropism of these variants. Alternatively, other mutations identified in the 5′ and 3′ UTRs of either TM171-03-pp variant or at NS5-225 of TM171-03-pp5 ( Table 3 ) may also have contributed to the differences in viremia profiles observed for these two variants. These potentially confounding additional genetic changes and those in the nonglycosylated plaque purified viruses from Mexico could be responsible for the reduced virulence and viremia observed in this study or in chicks with a plaque-purified glycosylation defective mutant. 18 Future reverse genetic studies will be required to specifically assess the role of envelope glycosylation and additional mutations identified herein on avian pathogenesis phenotypes.
Unlike the significant level of attenuation observed in American crows for the BIRD1153 isolate, the E gly(+) strain from Mexico generated mean peak viremias comparable with that of the murine neuroinvasive Texas strain (BIRD1461) in house sparrows ( Figure 5 ). This finding could indicate the relative selective importance of different avian hosts for emergence of alternative WNV genotypes. Significantly higher viremias were identified at multiple time points in house sparrows inoculated with NY99 virus compared with the BIRD1461 strain, and differences were only observed at 1 dpi in American crows, which highlights the interspecies incongruence in virulence potential for WNV strains in alternative avian hosts.
The BIRD1461 and BIRD1153 strains differed at eight nucleotide positions ( Table 3 ) . Of these differences, only the NS4B-249 and NS5-619 amino acids and 10,596, 10,774, and 10,799 3′UTR nucleotide substitutions were unique to the BIRD1153 strain (i.e., not present in the NY99 viral genome). Incorporation of the NS4B BIRD1153 mutation in combination with either the NS5 or the three 3′UTR BIRD1153 substitutions into the NY99 virus genetic backbone were required to elicit a temperature-sensitive, small plaque, murine nonneuroinvasive strain. 27 Interestingly, none of the potential genetic determinants have been identified in the variants from Mexico, which indicates that there are multiple molecular mechanisms for the attenuation of these variants through independent, polygenic pathways.
Previous studies have demonstrated that small numbers of genetic substitutions can have a dramatic effect on avian virulence phenotypes. For instance, infection with a WNV strain from Kenya (KN-3829) 28 that differed from the NY99 WNV strain by only 11 amino acids 29 produced a mortality rate of only 20-30% in American crows and has demonstrated significantly reduced serum viremias compared with the NY99 strain. 30 None of the amino acid substitutions identified between the WNV strain from Kenya and the NY99 strain 29 have been identified in either of the variants from Mexico or the BIRD1153 murine non-neuroinvasive virus investigated in these studies. This finding was not particularly surprising given the fact that the KN-3829 strain has a virulent, neuroinvasive phenotype in mice.
14 In this study, strains that were non-neuroinvasive in mice still caused significant mortality in avian species, indicating that variable pathogenic mechanisms of virulence and attenuation are present in these disparate vertebrate models and that the murine model may not accurately predict virulence in avian hosts.
Viremia and mortality appear to be highly correlated in the American crow virulence model of WNV infection. This finding was evident for infection with the BIRD1461, BIRD1153, and the TM171-03-pp5 strains/variants, in which the mean peak viremias of all decedent American crows exceeded 8.4 log 10 PFU/mL of serum and the mean peak viremias for survivors never exceeded 6 log 10 PFU/mL of serum. This model is consistent with a hypothesis that once peripheral replication in the avian host reaches a particular threshold (> 6 log 10 PFU/mL of serum), invasion of the central nervous system or other vital organ systems occurs through a non-specific passive process. However, the E gly(−) variant from Mexico (TM171-03-pp1) did not demonstrate this viremia response/mortality relationship. Interestingly, peak viremias of crows that died because of infection with this variant were in some cases lower than those identified for survivors ( Figure 2 ). Only one American crow in this infection group showed development of a viremia > 6 log 10 PFU/mL of serum. Nonetheless, four of eight crows died because of infection with this plaque-purified virus, and all four decedents had nonglycosylated WNV isolated from brain tissue at the time of death as determined by sequence analyses.
To investigate this viremia magnitude/mortality relationship, peak viremias were plotted as a function of percent mortality and a regression analysis was performed to describe this relationship deriving a best-fit line (y = 0.059X + 3.143, R 2 = 0.702). On the basis of this relationship, and assuming that each of the viruses exhibited similar virulence (i.e., survivorship was exclusively a determinant of viremia magnitude), an estimate of a peak viremia of 6.1 log 10 PFU/mL of serum would result in a 50% mortality rate within the infection group. Further investigations of differences in increased viremia duration and differential tissue tropisms are needed to further evaluate this theory. However, the finding of a 50% mortality rate for which three of the four decedent American crows infected with the TM171-03-pp1 E gly(−) variant from Mexico showed development of a peak viremia well below the > 6 log 10 PFU/mL of serum hypothetical threshold (3.6, 3.4, 4.4 log 10 PFU/mL of serum, respectively) suggest that there could be differences in tissue tropism for some of these strains/variants.
Removal of the TM171-03-pp1 data point from the regression analyses generated a best-fit line (y = 0.048X + 4.71) with a much greater R 2 = 0.895, which further supports differential tropisms of this variant from Mexico. This second regression line subsequently increased the hypothetical circulating titer required to result in 50% mortality from 6.1 to 7.1 log 10 PFU/ mL of serum and was consistent with estimates reported for a variety of avian species. 31 When viremia parameters of survivors and decedents were compared, viremia magnitude, onset, and daily magnitudes (1-6 dpi) were all significantly different ( P < 0.0001). On the basis of these preliminary findings, further studies investigating the alternative pathogenicity of the variants from Mexico that yield low viremias are warranted.
Numerous reports have provided serologic evidence of WNV transmission in the Western hemisphere south of the United States. 10, [32] [33] [34] [35] [36] [37] [38] Despite this fact, with the exception of sites adjacent to the United States border, 39 WNV was isolated only once in Mexico from a diseased raven in a Tabasco zoo. 11 This paucity of viral isolations could be the result of a combination of reduced avian mortality, reduced viral loads within avian hosts, or limited mosquito testing. In addition to observation of reduced avian mortality in Mexico, the Caribbean, and Central and South America, serosurveys of equids have demonstrated evidence of spillover transmission 32, 34, 35, [40] [41] [42] without documented equine disease, until reaching the temperate latitudes of Argentina. 43 A number of theories could explain reduced virulence. These theories include 1) circulation of more attenuated strains in Latin America that have been the result of differential selection in local avian or mosquito fauna; 2) founder's effects from rare introduction events from viremic migratory birds; 3) herd immunity afforded by serologic cross-protection by heterologous flaviviruses 44 circulating in these geographic locations; or 4) potential dilution effect of the greater avian species diversity in the tropics that could confound the identification of mortality in highly susceptible species, as has been prevalent in temperate regions of North America. 45, 46 Data in this study indicate that the small plaque variant isolated from southeastern Mexico, in addition to being nonneuroinvasive in mice, was also considerably attenuated in its ability to replicate in two avian species. In particular, seven of eight American crows infected with the E gly(−) variant from Mexico did not have viremia titers greater than 4.4 log 10 PFU/mL. On the basis of dose-response data for common WNV mosquito vectors within the United States, 47 mosquito oral infection rates would be expected to be quite low at these titers, which would limit viral transmission potential (and overall fitness) of these avian attenuated strains/ variants. The glycosylation-competent, large plaque-forming variant from Mexico produced serum viremias greater than 5 log 10 PFU/mL in six of the eight American crows, which indicated that this virus would be much more likely to be infective and subsequently to be transmitted by competent mosquito vectors. Specific vector competence data for mosquito species from Latin America will be needed to further assess this hypothesis.
The fact that the TM171-03 isolate constituted a mixture of two plaque variants 12 is intriguing and could indicate that differential selective factors were associated with the presence of two distinctive viral populations in the infected raven. Highly susceptible and temperate region prevalent avian hosts (American crows and house sparrows) were used for these virulence studies and could afford a radically different selective environment from that found in sympatric avian hosts in Latin America. Preliminary data have indicated that the TM171-03 isolate (mixed plaque isolate) was capable of eliciting significant viremias in resident house sparrows, clay-colored thrushes, and great-tailed grackles from Mexico (Komar N and EstradaFranco JG, unpublished data), indicating that viremia potential could be significantly modulated by avian species and/or intraspecies geographic variants or the potential presence of the mixed viral populations. Host competence studies using sympatric avian hosts with additional isolates from areas lacking human, animal, and avian mortality will be needed to fully assess the role of alternative WNV genotypes with altered disease presentation in Latin America. 
